Many engineering projects require automated control of analog voltages over a specified range. We have developed a computer interface comprising custom hardware and MATLAB code to provide real-time control of a Thorlabs adaptive optics (AO) kit. The hardware interface includes an op amp cascade to linearly shift and scale a voltage range. With easy modifications, any linear transformation can be accommodated. In AO applications, the design is suitable to drive a range of different types of deformable and fast steering mirrors (FSM's). Our original motivation and application was to control an Optics in Motion (OIM) FSM which requires the customer to devise a unique interface to supply voltages to the mirror controller to set the mirror's angular deflection. The FSM is in an optical servo loop with a wave front sensor (WFS), which controls the dynamic behavior of the mirror's deflection. The code acquires wavefront data from the WFS and fits a plane, which is subsequently converted into its corresponding angular deflection. The FSM provides ±3˚ optical angular deflection for a ±10 V voltage swing. Voltages are applied to the mirror via a National Instruments digital-to-analog converter (DAC) followed by an op amp cascade circuit. This system has been integrated into our Thorlabs AO testbed which currently runs at 11 Hz, but with planned software upgrades, the system update rate is expected to improve to 500 Hz. To show that the FSM subsystem is ready for this speed, we conducted two different PID tuning runs at different step commands. Once 500 Hz is achieved, we plan to make the code and method for our interface solution freely available to the community.
INTRODUCTION
Imaging through turbulence is an inescapable reality for any ground based telescope, and severely degrades image resolution. The larger the primary mirror, the worse is the impact on the resolution with respect to the diffraction limit. To correct aberrations caused by atmospheric turbulence, AO is necessary. AO systems typically contain three main components: a wave-front sensor (WFS), deformable mirror (DM), and fast steering mirror (FSM). These three components are interfaced through servo loops which usually operate at kilohertz rates, driven by a control computer. Continuous advances in AO technology over the past 40 years as well as reductions in cost are leading to an increasing number of applications. 2 In the university environment, this manifests in a rising demand for educational tools. For these reasons, we believe it is important for our group to develop a functional AO system as a teaching device and a research instrument. Our group has acquired an AO kit from Thorlabs, which comprises a diode laser, 1:1 relays, a Shack-Hartmann WFS, a pellicle beam splitter, and a Boston Micromachines (BMC) 140-actuator Multi-DM, as well as all the necessary mounts. We have modified our kit to include an Optics in Motion (OIM) FSM to handle larger wave front tilt errors than cannot be addressed by the relatively small stroke of the actuators on the DM alone, and to expand the range of AO technologies that may be demonstrated in the teaching laboratory.
Both the FSM and DM are controlled by a computer and some analog circuitry. The FSM provides ±3˚ optical angular deflection for a ±10 V voltage swing. The FSM circuitry we designed for the kit was an op amp cascade which linearly shifts a 0-5 V voltage range output from a conventional digital-to-analog converter (DAC) card to ±2.5 V. Two independent channels of the circuit control negative and positive tip and tilt. Additionally, the circuit can be modified to control any voltage range, and can be linearly shifted to interface to different DACs and future adaptive components we expect to fabricate in our group.
5
We have also written our own custom control software for the kit to maximize its flexibility and productivity as a pedagogical tool.
3 The real-time components of the software are written in C++ with an interface to a Matlab engine We began by commanding the mirror with a saw tooth wave, and analyzed the mirror's step response. We were specifically concerned with having a short rise time with negligible overshoot. Steady-state error proved to be negligible at this point in our investigation. Since our prime motivation for this experiment was to analyze the mirror's behavior at the typical step responses it would experience in operation, we first had to derive the expected atmospheric tilt error the mirror would have to compensate. We intend to deploy the system at the Kuiper 1.5 m telescope on Mt. Bigelow, AZ. The typical variance of single-axis wave front tilt in radians is given by the following formula:
where D is the telescope diameter, λ is the wavelength of observation, and r 0 is the atmospheric coherence length.
The typical night-time value of r 0 atop Mt. Bigelow is about 10 cm at 500 nm. Atmospheric tilt that the primary mirror sees is magnified by reimaging optics, so to find the required stroke S Tilt of the FSM we use the following equation:
where M is the angular magnification between the primary mirror and the FSM, and we assume a maximum stroke of 2.5× the standard deviation. From this equation, we find that the required stroke for the FSM is approximately .003° which corresponds to a 20 mV input. This is a relatively small range compared to the mirror's full potential range. This is a rather small voltage by which to assess a step amplitude, so we elected to command the mirror to go an order of magnitude above this maximum expected stroke, and oscillate between approximately ±225 mV. The final step response after PID tuning is shown in Figure 9 . The FSM responds with a rise time of 2 ms with no overshoot and rapid settling time. This leads us to be confident that the mirror is capable of operation at 500 Hz. We have also tested the mirror at roughly ±3.5 V which corresponds to approximately 0.525°. This was done to test the mirror's correction speed at larger stroke. We began by setting all three gains to 0, with the result as shown in Figure 10 . Optimization proceeded with sequential adjustment of the proportional, derivative, and integral gain terms. Final joint optimization of all three led to reduced integral gain and increased proportional gain. The results at each step are shown in Figure 11 . Even at this large amplitude, the rise time is about 5 ms, implying that the mirror can be operated at 200 Hz. Figure 11 . FSM step response after successive adjustment of proportional (top left), derivative (top right), and integral (bottom left) gains, followed by joint optimization (bottom right).
Parallel AO Kit Investigations
The AO kit contains a 635 nm collimated laser diode, a WFS pre-built by Thorlabs, BMC Multi-DM, a pellicle beam splitter, OIM FSM, a phase plate to simulate turbulence, as well as all the necessary relay optics and mounts. The arrangement is shown in Figure 12 . The software to run the system is a mix of C++ drivers and MATLAB to implement the control loop. While computationally inefficient, the architecture is ideal for teaching purposes since it exposes the functional components of the loop control in a format that is amenable to ready experimentation.
We have shown that the FSM can handle a typical step response at 500 Hz. The full AO kit's present capability is described in Jin et al. 3 The high-order correction loop is currently limited to 11 Hz by the software, two orders of magnitude slower than the speeds necessary for astronomical applications. This is principally because of excessive time devoted to data transmission between the MATLAB and C++ components of the code. A second version of the code, entirely in C++, is under development to support operation on sky.
